Abstract-Recently, novel near-infrared (NIR) voltagesensitive dyes were developed for imaging electrical activity in blood-perfused hearts and for tomographic applications. However, their usefulness for conventional surface mapping is unclear. The spectral shift to the NIR range significantly increases the penetration depth of light into the tissue, thus increasing the intramural volume contributing to the optical action potential (OAP). Here, we characterize both computationally and experimentally the effect of increased penetration depth on the OAP upstroke, the OAP component most sensitive to optical scattering and absorption, and the activation maps. Optical imaging of cardiac electrical activity was performed in isolated rat hearts (n=5) paced from the LV mid free wall. We used the NIR dye JPW-6033 (excitation at 660nm, acquisition at >695nm). The conventional dye DI-4-ANEPPS (excitation at 532nm, acquisition at 700 DF50nm) was used for comparison. To simulate OAP we utilized a hybrid model that couples light transport equations with the model of electrical propagation. As expected, the switch from DI-4-ANEPPS to JPW-6033 significantly increased the upstroke duration: from 3.95±0.69ms to 5.39±0.82 ms, respectively. However, activation maps were largely unaffected. The correlation between the shape of the optical upstroke, and the averaged subsurface wave front orientation was also preserved. The computer simulations are in excellent agreement with the experimental data. In conclusion, our analysis suggests that despite significant increase in upstroke duration, the novel NIR dyes can be a useful alternative to conventional dyes in surface mapping applications.
I. INTRODUCTION
ecently, novel near-infrared (NIR) voltage-sensitive fluorescent dyes were developed for imaging cardiac electrical activity in blood-perfused myocardial tissues, where conventional dyes with blue-green excitation are difficult to use due to significant absorption of the excitation light [1] . Compared to blue-green dyes, such as the widely used DI-4-ANEPPS [2] [3] [4] [5] , the new NIR dyes also display higher voltage sensitivity yielding up to 20% signal-tobackground ratios per 100mV change in transmembrane potential, as well as reduced photobleaching and much slower washout and internalization kinetics [1] . These dyes Manuscript received April 7, 2009 . This work was supported in part by the EPSRC under grant EP/F065574/1, the Royal Society under grant RG081248 and NIH under grants 5R01HL071762, 5R01HL071635 and 5R03TW008039.
R have therefore the potential to be used in a wide range of cardiac optical imaging modalities.
One consequence of a spectral shift towards the NIR range is an increase in the volume of subsurface tissue contributing to the optical signal due to reduced photon scattering and absorption. Increased subsurface contributions are associated with widening of the optical upstroke, which may affect the accuracy and interpretation of the optical recordings. Previous work using DI-4-ANEPPS showed that the optical upstroke morphology, more specifically the fractionate level at which the optical signal reaches maximum derivative (V F *), strongly correlates to the mean wave front orientation within the subsurface volume contributing to the optical signal [5, 6] . Thus far, estimations of the wave front orientation based on V F * have been limited to superficial tissue layers as a result of blue-green excitation light being highly susceptible to scattering and absorption.
The major objective of this study was to quantify both computationally and experimentally the changes in the optical action potentials (OAPs) produced by the most promising of the novel NIR dyes, JPW-6033 [1] , as compared to the widely used dye DI-4-ANEPPS. We aimed to characterize the optical depth penetration for JPW-6033 and record its effect on the OAP upstroke morphology and duration. Furthermore, we sought to examine if subsurface wave front orientation can be determined from the morphology of the optically recorded action potential using NIR dyes.
Our study confirmed that the volume of tissue contributing to the epi-fluorescence optical signal was significantly increased for JPW-6033, resulting in increased mean optical upstroke duration from 3.95 ms (DI-4-ANEPPS) to 5.39 ms (JPW-6033). However, this did not significantly affect activation maps, which are very similar for both dyes. Importantly, our results demonstrate that V F * obtained from measurements using NIR dyes still strongly correlates to subsurface wave front orientation. Our findings suggest that the new dyes can be useful, not only in bloodperfused tissues, but in a whole range of optical mapping applications. 978-1-4244-3296-7/09/$25.00 ©2009 IEEE solution containing (in mM): glucose, 277.5; KCl, 30; NaHCO3, 25; mannitol, 34.3, pH 7.4. The aorta was cannulated and perfused at 7 ml/min with bicarbonate buffered saline solution containing (mM): NaCl, 130; NaHCO3, 24; NaH2PO4, 1.2; MgCl2, 1; glucose, 5.6; KCl, 4; CaCl2; oxygenated with 95% O2/5% CO2, pH 7.4, 37 °C. 10 µM blebbistatin was added to stop contraction. The tissue was stained with potentiometric dye, Di-4-ANEPPS (5 µg/ml normal Tyrode's solution) via the perfusate at the beginning of the experiment. Following all optical recordings using Di-4-ANEPPS tissue was stained with JPW-6033 (50 µg/ml normal Tyrode's solution). Bipolar electrodes were used to stimulate the ventricles at the epicardial surface at cycle lengths ranging from 200 -70 ms).
II. METHODS

A. Langendorff-perfused rat heart preparation
B. Optical setup
Optical recordings were acquired through a high-framerate charge-coupled device video camera (SciMeasure Analytical systems, GA, USA) mounted with a lens (focal length 12 mm, 1:0.8 aperture ratio; Computar, London, UK). Excitation light from monochromatic lasers, 532 and 660 nm, (Shanghai Dreamlasers technology Co., Ltd, Shanghai, China) was passed through a beam expander to illuminate the epicardial surface. Emission light from Di-4-ANEPPS and JPW-6033 were filtered through broadband 700DF50 and long-pass 695 nm filters, respectively. Images (80 x 80 pixels) with pixel dimensions of 0.25 x 0.25 mm were acquired at a rate of 2000 frames per second. Background fluorescence was subtracted from each frame to obtain the voltage-dependent optical signal.
C. Processing of optical recordings
In all experiments, OAPs recorded over 5 s underwent temporal (3 ms kernel) and spatial (1.25 mm kernel) filtration followed by ensemble averaging. Activation time was measured at a level of 50% of the OAP upstroke. To characterise optical upstroke morphology we used the relative fractional level VF*, at which the maximum time derivative of the voltage-sensitive fluorescence occurred. Cubic spline interpolation (10 additional points per interval) in the time-series fluorescent data was used to obtain accurate estimates of V F * [5] . Optical upstroke duration was measured as the time interval between 10% and 90% of the upstroke.
D. Computer simulations
Optical signals of cardiac electrical activity are simulated using a photon transport model coupled to a rat electrophysiological model [7] as previously described [6] . The optical parameters at the wavelengths of interest for the photon transport model were: 520DF60, 1.12±0.41 mm; 650DF40, 2.56±0.55 mm and 715LP, 3.3±0.5 mm (as determined in [8] ). The spatial and temporal distribution of the transmembrane potential ) , ( t r V m was calculated using the diffusion equation with partial-flux boundary conditions for the photon transport model (see e.g. [9] ). This model was previously shown to be sufficiently accurate in reproducing the effects of scattering on action potential upstrokes [6] . The model was adapted using the following parameters: electrical diffusivity tensor scaled to steady-state conduction velocities of 60 cm/s in longitudinal and 20 cm/s in transverse directions of fiber orientation and fiber orientation was assumed to rotate at linear rate in a counterclockwise direction with a total fiber rotation of 120° in a 3 mm thick slab simulation. Propagation of electrical waves was simulated in rectangular slabs of 10 mm x 10 mm x 3mm. Temporal and spatial resolutions for each simulation were 1 ms and 0.1 mm, respectively. Fig. 2A depicts optical activation maps simulating the use of Di-4-ANEPPS and JPW-6033. JPW-6033 produced a delay of 6.7 ms for the earliest activation time following point stimulation (at time = 0 ms) compared with 3.4 ms for Di-4-ANEPPS. Experimental recordings when pacing from the mid free left ventricular wall from rats also incurred a greater delay of activation using JPW-6033 compared with Di-4-ANEPPS (Fig. 2B) .
III. RESULTS
A. Intramural optical contributions
B. Optical activation properties
Di-4-ANEPPS and JPW-6033 produced similar optical activation maps showing typical elliptical isochrones due to tissue anisotropy. Note that the long axis of these ellipses are somewhat rotated when comparing activation maps using Di-4-ANEPPS with JPW-6033 from both simulations ( Fig.  2A) and experiments (Fig. 2B) . This could indicate the contribution of tissue at increased depths from the epicardial surface. Simulations show OAP upstroke durations are prolonged relative to the electrical upstroke as a result of optical signals being averaged over a subsurface volume. Furthermore, increased depth contributions from JPW-6033 (8.9±1.15 ms) was associated with prolongation of the upstroke duration relative to Di-4-ANEPPS (4.9±0.69 ms), N=100 pixels, P<0.0001. This was validated experimentally where by the optical upstroke duration using JPW-6033 was 5.89±0.82 ms compared with 3.95±0.69 ms using Di-4-ANEPPS (N=5 hearts, P<0.01). Fig. 3A shows VF* maps derived from simulations using optical parameters for Di-4-ANEPPS and JPW-6033. In both simulations we observed a typical pattern that is consistent with experimental recordings (Fig. 3B) : an elongated strip centered on the stimulation site which corresponds to the regions of fast propagation as shown in Fig. 2A and B. The region in close proximity to the stimulation site revealed VF* values ~0.5 using Di-4-ANEPPS and <0.5 using JPW-6033. VF* values perpendicular to the direction of fast propagation were increased further away from the pacing site up to 0.7 for Di-4-ANEPPS and up to 0.8 for JPW-6033. Experiments confirmed these observations where JPW-6033 produced an elongated region of low VF* (<0.25) on the stimulation site whereas VF* values recorded using Di-4-ANEPPS approximated 0.5 at the site of stimulation. Perpendicular to the direction of fast propagation in experimental recordings revealed a pattern of increasing VF* values, consistent with simulations. VF* derived from the OAP recorded using Di-4-ANEPPS correlated with the angle normal to the subsurface wavefront with respect to the epicardial surface (Fig. 4A) . In addition, a simulation using the optical parameters for JPW-6033 revealed a strong correlation between VF* and subsurface wave propagation direction to remain (Fig. 4B) ; although differences between correlations using both dyes were evident. VF* values obtained using JPW-6033 correlated with a reduced range of sub-surface angles compared with Di-4-ANEPPS. 
C. Estimating subsurface wavefront orientation
IV. DISCUSSION
The present study describes the characteristics of a novel NIR voltage-sensitive dye, JPW-6033 for recording of OAPs in ventricular myocardium. It was shown that the mean optical signal using NIR dye is recorded from increased depths in the myocardium compared with using blue/green wavelengths for the conventional dye, Di-4-ANEPPS. Increased optical integrated volume was associated with prolongation of the OAP upstroke duration. Furthermore, the correlation between optical upstroke morphology and subsurface wavefront orientation, characterized for Di-4-ANEPPS, was shown to remain viable when using NIR voltage-sensitive dyes.
Previous epifluorescence studies in cardiac tissue, which used conventional dyes with excitation wavelengths in the blue/green range, were acquiring and interpreting information from tissue depths of < 1mm. Increasing the optical integration volume, by using NIR voltage-sensitive dyes, provides a method to understand wavefront propagation at deeper layers of cardiac tissue and to account for transmural structural changes in the heart, namely, fiber rotation [10] . The current study utilized simulations of wave propagation in ventricular slabs with a linear fiber rotation of 120° from epicardium to endocardium [11] . As fiber orientation determines the direction of fast electrical propagation [12] , greater intramural variation of wavefront orientation will be accounted for optically using NIR voltage-sensitive dyes was observed with activation maps (Fig. 2) .
Differences in V F * maps derived from each dye in the present study demonstrated variations of intramural wavefront orientation estimated near to the epicardial subsurface compared with increased subsurface depths.
In conclusion, we have characterized the increased depth contributions of NIR voltage-sensitive dyes to optical signals. Simulations verify that optical signals using NIR dyes are acquired from an increased optical integrated volume compared with conventional dyes. As a result, OAP upstroke duration is prolonged however the fractional level of the maximal derivative, V F *, remains in strong correlation with the subsurface wavefront orientation. These findings enable better interpretation of intramural optical wavefront orientation.
